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RESUMEN
Se ha estudiado la inhibición de la corrosión de acero dulce 
en solución 1M de HCl por Piperacilina Sódica mediante la 
medida de la pérdida de peso y técnicas electroquímicas 
como Resistencia de Polarización, Polarización Potencio-
dinámica y Espectroscopia de Impedancia Electroquímica 
(EIS). Los resultados obtenidos a 30ºC demuestran que 
con este compuesto farmacéutico se consigue un 93% 
de eficacia de inhibición con una concentración óptima de 
7.2×10-4 M. Estos resultados muestran que la inhibición 
tiene lugar por adsorción del inhibidor sobre la superficie 
del metal sin alterar el mecanismo del proceso de corro-
sión. La adsorción de Piperacilina sódica tiene lugar se-
gún la isoterma de adsorción de Langmuir. Estudios de 
polarización potenciodinámica indican que la Piperacilina 
Sódica actúa como un inhibidor de tipo mixto. Los datos 
obtenidos mediante estudios de EIS han sido analizados 
para modelar el circuito equivalente apropiado para expli-
car mejor el proceso de inhibición de la corrosión. Se dis-
cute el mecanismo de inhibición por Piperacilina sódica.
Palabras  clave: Piperacilina sódica, corrosión, acero dul-
ce, EIS, isoterma de Langmuir.
SUMMARY
The corrosion inhibition of mild steel in 1M HCl solution by 
Piperacillin Sodium was studied by weight loss measure-
ment and electrochemical techniques i.e. Polarization Re-
sistance, Potentiodynamic Polarization and Electrochemi-
cal Impedance Spectroscopy (EIS). The results obtained 
at 30 oC divulged that this pharmaceutical compound 
had established 93% inhibition efficiency at an optimum 
concentration of 7.2×10-4 M. These outcomes show that 
inhibition takes place by adsorption of the inhibitor on 
metal surface without altering the mechanism of corro-
sion process. The adsorption of Piperacillin Sodium takes 
place according to Langmuir adsorption isotherm. Poten-
tiodynamic polarization studies indicate that Piperacillin 
Sodium acts as a mixed type of inhibitor. Data collected 
from EIS studies has been analyzed to model the appro-
priate equivalent circuit for better explanation of corrosion 
inhibition process. The inhibition mechanism of Piperacillin 
Sodium has been discussed.
Keywords: Piperacillin sodium, corrosion, mild steel, EIS. 
Langmuir`s isotherm
RESUM
S’ha estudiat la inhibició de la corrosió d’acer dolç en so-
lució 1M d’HCl per Piperacilina Sòdica mitjançant la me-
sura de la pèrdua de pes y tècniques electroquímiques 
como la Resistència de Polarització, Polarització Potenci-
odinàmica i Espectroscòpia d’Impedància Electroquímica 
(EIS). Els resultats obtinguts a 30ºC demostren que ammb 
aquest producte farmacèutic s’aconsegueix un 93% d’efi-
càcia d’inhibició amb una concentració òptima de 7.2×10-
4 M. Aquests resultats mostren que la inhibició ve causada 
per té lloc per adsorció de l’inhibidor sobre la superfície 
del metall sense alterar el mecanisme del procés de cor-
rosió. La adsorció de Piperacilina sòdica té lloc segons la 
isoterma d’adsorció de Langmuir. Estudis de polarització 
potenciodinàmica indiquen que la Piperacilina Sòdica ac-
tua com un inhibidor de tipus mixt. Les dades obtingudes 
mitjançant estudis d’EIS s’han analitzat per modelar el cir-
cuit equivalent adequat per explicar millor el procés d’inhi-
bició de la corrosió. Es discuteix el mecanisme d’inhibició 
per Piperacilina sòdica.
Mots clau: Piperacilina sòdica, corrosió, acer dolç, EIS, 
isoterma de Langmuir
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1- INTRODUCTION
Corrosion inhibition of mild steel is a matter of theoretical 
as well as practical importance 1. Acids are widely used in 
industries such as pickling, cleaning, descaling, etc. Be-
cause of their aggressiveness, inhibitors are used to re-
duce the rate of dissolution of metals. Compounds
containing nitrogen, sulphur and oxygen have been report-
ed as inhibitors 2–6. The most efficient organic inhibitors 
are organic compounds having π-bonds in their structures. 
The efficiency of an organic compound as an inhibitor is 
mainly dependent on its ability to get adsorbed on metal 
surface which consists of a replacement of water molecule 
at a corroding interface.
The adsorption of these compounds is influenced by the 
electronic structure of inhibiting molecules, steric factor, 
aromaticity and electron density at donor site, presence 
of functional group such as    CHO,  N=N, R   OH etc., 
molecular area and molecular weight of the inhibitor mol-
ecule 7–12.
A large number of organic compounds are known to be 
applicable as corrosion inhibitors for mild steel. However, 
only a few non-toxic and eco-friendly compounds have 
been investigated as corrosion inhibitors. Tryptamine 13, 
succinic acid 14, L-ascorbic acid 15 and sulfamethoxazole 
16, were found to be effective inhibitors for acid environ-
ments. Dithiobiurets exhibited the best performance to-
wards the corrosion of mild steel in HCl solutions showed 
very less toxicity 17. The inhibitive effect of four antibacte-
rial drugs, namely ampicillin, cloxacillin, flucloxacillin and 
amoxicillin towards the corrosion of aluminium was inves-
tigated. The inhibition efficiency follow the order amoxicillin 
> ampicillin > cloxacillin > flucloxacillin. The inhibition ac-
tion of these drugs was attributed to blocking the surface 
via formation of insoluble complexes on the metal surface 
18. Various rhodamine azosulpha drugs were used as a 
potential class of corrosion inhibitor on 304 stainless steel 
19. El-Naggar has studied the corrosion inhibition activity 
of sulpha drugs namely sulphaguanidine, sulphametha-
zine, sulphamethoxazole and sulphadiazine as corrosion 
inhibitor for mild steel in hydrochloric acid and sulphuric 
acid solutions and reported them as potential inhibitors 20. 
Inhibition effect of mild steel in acidic medium by cipro-
floxacin, norfloxacin and ofloxacin were also reported 21. 
Inhibition of iron by cefatrexyl in various acids was stud-
ied and reported its lower inhibition activity against HCl 22. 
Prabhu et al. reported the inhibitor activity of tramadol on 
mild steel in HCl and H2SO4 
23.
Piperacillin Sodium is the commercial name of (2S, 5R,6R)-
6-[[(2R)-2-[(4-ethyl-2,3-dioxopiperazine-1-carbonyl)
amino]-2-phenylacetyl]amino]-3,3-dimethyl-7-oxo-4-thia-
1-azabicyclo [3.2.0]heptane-2-carboxylic acid, monoso-
dium salt .Its molecular weight is 539.5 g mol−1 . Clini-
cally, Piperacillin sodium is used to treat intra-abdominal 
infections, respiratory and urinary tract infections, skin 
and soft-tissue infections, and other infections caused by 
susceptible organisms. The selected pharmaceutical com-
pound has high values of LD-50 (lethal dose 50) which is a 
property that shows the low toxicity of this compound. The 
LD50 value of Piperacillin sodium is >7000 in rats, which 
makes it attractive because of less toxicity The solubility 
of Piperacillin sodium is also moderate and does not need 
some specific solvent or special arrangements to make 
aqueous solutions for use. These features make it attrac-
tive for its use as corrosion inhibitor.
Perusal of available literature reveals no data are available 
regarding the behavior of Piperacillin sodium as corrosion 
inhibitor for mild steel protection. In the present study, the 
inhibitive performance of this compound is reported for 
the first time, using gravimetric and electrochemical tech-
niques. The inhibition mechanism has been discussed on 
the basis of these studies.
2- EXPERIMENTAL
The mild steel coupons with dimensions 5cm × 2cm × 
0.1cm were cut from a sheet. The chemical composition 
(wt. %) of these metallic coupons is as follows:
C: 0.17, Mn: 0.03, Si: 0.14, S: 0.028, P: 0.033 and Fe: bal-
ance
The aggressive solution of hydrochloric acid (AR grade) 
was used for all studies. Millipore water was used to pre-
pare the acid solutions.  Piperacillin sodium, in purest 
form, was procured and used without further purification. 
Its chemical structure is shown in Fig. 1.
figure 1. Molecular structure of Piperacillin Sodium
These coupons had been used for weight loss experi-
ments. Prior to their use, the samples were abraded suc-
cessively by use of SiC papers of 100, 200, 400, 600 and 
800 grade; and then thoroughly cleansed with Millipore 
water and then with ethanol. The specimens were dried 
with hot air. All the experiments were performed at room 
temperature i.e. 30oC for an immersion time of 3 hrs 20.The 
inhibition efficiency (%) and degree of surface coverage (θ) 
were calculated from the following.
Where, W0 and Wi are weight loss without and with addi-
tion of inhibitor, respectively. 
                (1)
       
                                  (2)
        
The electrochemical experiments were performed using 
conventional three electrode cell at room temperature and 
naturally aerated conditions. The working electrode was 
mild steel of composition, stated above. The exposed area 
of each sample was 1 cm2 and the rest being covered by 
using polymeric resin. A graphite rod was used as counter 
electrode and saturated calomel electrode (SCE) as ref-
erence electrode. The working electrodes were polished 
following the procedure, stated above. The polarization 
and impedance studies were conducted in 200 ml 1M HCl 
solutions using Gamry Potentiostat/Galvanostat (model 
Reference-600) with DC-105 and EIS-300 software. All the 
AfinidAd LXViii, 557, Enero - Marzo 2012 49
experiments were carried out after the stabilization of the 
system i.e. open circuit potential (OCP) after half an hour 
of electrode immersion. 
The linear polarization experiments were carried out from 
cathodic potential of −0.02V versus OCP to an anodic po-
tential of +0.02V versus OCP at a sweep rate 0.125mVs−1 
to study the polarization resistance (Rp). The values of in-
hibition efficiency (%) were determined by following equa-
tion:
                  (3)
Where, are polarization resistances with and without addi-
tion of inhibitor.
The potentiodynamic polarization was carried out from 
cathodic potential of −0.25V versus OCP to an anodic po-
tential of +0.25V versus OCP at a sweep rate 0.5mVs−1 to 
study the result of inhibitor on mild steel corrosion. The lin-
ear sections of anodic and cathodic curves were extrapo-
lated using Tafel technique to obtain the corrosion current 
densities (Icorr). The corrosion inhibition efficiency (%) was 
evaluated by following equation:
               (4)
While, are corrosion current densities without and with ad-
dition of inhibitor.
The impedance studies were carried out using AC signals 
of 10mV amplitude for the frequency spectrum from 100 
kHz to 0.01 Hz. The charge transfer resistance values were 
calculated from the diameter of the semi-circles of the Ny-
quist plots. The corrosion inhibition efficiency (%) was de-
termined by following expression:
 100               (5)
 
Where   and   are the charge transfer resistances in pres-
ence and absence of inhibitor. The values of double layer 
capacitance (Cdl) have been calculated as described pre-
viously 19.
3. RESULTS AND DISCUSSION
3.1. Weight loss study
The values of percentage inhibition efficiency (% IE) and 
corrosion rate (C.R) obtained from weight loss method at 
different molar concentrations of Piperacillin sodium in 
1 N HCl at 30°C are summarized in Table 1. It had been 
observed that Piperacillin sodium inhibits the corrosion of 
mild steel in HCl solution, at various concentrations used 
in the study i.e. 1.8 – 9.0×10-4 M. However, no significant 
change was shown beyond 7.2×10-4 M concentration of 
the inhibitor in 1 N HCl at room temperature. Therefore, it is 
considered as the optimum concentration of the inhibitor 
at the described conditions. It is evident from Table 1 that 
the corrosion rate decreased from 48.3 to 3.21 mm year-1 
on the addition of 7.2×10−4 M of inhibitor. 
3.1.1 Adsorption isotherm and effect of temperature
The mechanism of corrosion inhibition can be explicated 
on the basis of adsorption behavior 21.The degrees of 
surface coverage (θ) for different inhibitor concentrations 
were assessed by weight loss data. Data were tested 
graphically by fitting to various isotherms. A straight line 
(Fig. 2) was obtained on plotting Cinh vs. Cinh/θ for Piper-
acillin sodium. It is observed that plot obeys Langmuir ad-
sorption isotherm through surface coverage of adsorbed 
inhibitor molecules on mild steel surface. The higher in-
hibitive property of Piperacillin sodium is ascribed to the 
presence of π electrons, quaternary nitrogen atom, amino 
group and the larger molecular size, which ensures greater 
coverage of the metallic surface 22.
An effect of temperature on the performance of inhibitor, 
using weight loss study at several temperatures between 
30 and 60°C is shown in the Fig. 3. The Fig. 3 suggested 
that the inhibition efficiency was decreased from 93% to 
81.5% with increase in temperature from 30 to 60°C. This 
phenomenon is assumed due to desorption of inhibitive 
film.
Table1. Corrosion parameters for mild steel in 1M 
HCl solution without and with inhibitor from
weight loss measurement at 30 °C for 3 hrs.
Inhibitor Conc/
M × 10-4
Weight Loss/
mg cm-2
Corrosion 
Rate/
mm year-1
I.E/
%
0
1.8
3.6
5.4
7.2
9.0
13.08
4.17
2.62
1.31
0.91
0.91
48.3
15.5
9.74
4.83
3.21
3.21
68
82
90
93
93
figure 2. Langmuir`s adsorption isotherm plot for 
adsorption of inhibitor on mild steel surface
in 1 M HCl at 30°C
figure 3. Variation in inhibition efficiency with increase in 
temperature (30   60°C) on mild steel in 1M HCl with 
optimum concentration of inhibitor for 3 hrs immersion time
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3.2 Electrochemical studies
3.2.1 Polarization Resistance
Table 2 shows the variation of polarization resistance of mild 
steel with the addition of Piperacillin sodium in the studied 
media. The polarization resistance (Rp) values of mild steel 
in 1 M HCl increases from 15.6 Ω cm2 of inhibitor free solu-
tion to 253 Ω cm2 of 7.2× 10-4 M concentration of inhibitor. 
3.2.2 Tafel polarization
Fig. 4 shows the Tafel polarization curves for mild steel 
in 1 N HCl with the addition of various concentrations of 
Piperacillin sodium. The important corrosion parameters 
derived from these curves are presented in Table 2. From 
Table 2 it is clear that the corrosion current density (Icorr) 
value decreases from 1370 to 122 μA cm2 with the ad-
dition of optimum concentration of piperacillin sodium. It 
is seen from Table 2 that cathodic and anodic Tafel slope 
values βa and βc are not very much affected with addi-
tion of inhibitor as compared to the blank solution. It indi-
cates that this inhibitor adsorbs on metal surface by simply 
blocking the active sites and the mechanism of anodic and 
cathodic reactions is unaffected. However, a shift of corro-
sion potential (Ecorr) towards cathodic side i.e.−472 to −500 
mV was established. According to Riggs 21, the classifica-
tion of a compound as an anodic or cathodic inhibitor is 
feasible when the corrosion potential displacement is at 
least 85mV in relation to that one measured for the blank 
solution. The addition of Piperacillin sodium does not alter 
the value of Ecorr significantly indicating the mixed type of 
inhibiting behavior of the added inhibitor.
figure 4. Potentiodynamic polarization behav-
ior of mild steel in 1 M HCl without and with
addition of inhibitor at 30°C
3.2.3 Electrochemical impedance spectroscopy 
Electrochemical impedance measurements were carried 
over the frequency range from 100 kHz to 0.01 Hz at open 
circuit potential. The simple equivalent Randle circuit for 
these studies is shown in Fig. 5, where Rs represents the 
solution resistance; the parallel combination of resister, Rt 
and capacitor Cdl represents the protective film/ metal in-
terface. The impedance behavior of mild steel in 1 N HCl 
with and without addition of various concentrations of 
Piperacillin sodium is presented as complex impedance 
plot (Nyquist plot) in Fig. 6. 
figure 5. Proposed equivalent circuit for impedance studies
figure 6. Nyquist plot for mild steel behavior in 1 
M HCl without and with addition of inhibitor 
at 30°C
The existence of single semi circle shows the single charge 
transfer process during dissolution which is unaffected by 
the presence of inhibitor molecules. Deviation from perfect 
circular shape is often referred to the frequency dispersion 
of interfacial impedance. This anomalous behavior is gen-
erally attributed to the inhomogeneity of the metal surface 
arising from surface roughness or interfacial phenomena 
Table 2. Polarization and EIS parameters for the corrosion of mild steel in 1 M HCl
without and with Piperacillin sodium at 30°C.
Inhibitor
Concentration/
M × 10-4
Linear Polarization                                         Tafel Polarization                     EIS
Rp /
Ω cm2
I.E /
%
-Ecorr /
mV vs SCE
βa /
mV dec-1
βc/
mV dec-1
Icorr /
μA cm2
I.E /
%
Rct /
Ω cm2
Cdl /
μF cm-2
I.E /
%
0
1.8
3.6
5.4
7.2
15.6
72.1
104
142
253
78.3
85.0
89.0
93.8
472
491
498
498
500
93.5
83.1
93.5
96.5
86.7
101.2
98.5
103.8
102.4
104.8
1370
  229
  191
  160
  122
83.3
86.1
88.3
91.1
  13.1
  69.4
  91.8
116.6
173.7
1412
  493
  339
  282
  197
81.1
85.7
88.7
92.4
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22-24. It is seen that addition of inhibitor increases the values 
of charge transfer resistance (Rct) and reduces the double 
layer capacitance (Cdl). The decrease in Cdl is attributed to 
increase in thickness of electronic double layer 25. The in-
crease in Rct value is ascribed to the formation of protective 
film on the metal/solution interface 26, 27. These observa-
tions suggest that Piperacillin sodium molecules function 
by adsorption at metal surface thereby causing the de-
crease in Cdl values and increase in Rct values. The charge 
transfer resistance (Rct) and the interfacial double layer ca-
pacitance (Cdl) derived from these curves are given in Table 
2. A small inductive loop can be seen in static conditions 
for both uninhibited and inhibited solutions. The presence 
of this low frequency inductive loop may be attributed to 
the relaxation process obtained by adsorption of species 
like (Cl-)ads and (H
+)ads on the electrode surface. It may also 
be attributed to the re-dissolution of passivated surface 28.
4. Mechanism of corrosion and inhibition
In hydrochloric acid solution the following mechanism is 
proposed for the corrosion of mild  steel 29. 
The anodic dissolution mechanism of mild steel is:
The cathodic hydrogen evolution mechanism is:
Generally, corrosion inhibition mechanism in acid medium 
is the adsorption of the inhibitor onto the metal surface. 
The process of the adsorption is influenced by different 
factors like nature and the charge of the metal, the chemi-
cal structure of the organic inhibitor and the type of ag-
gressive electrolyte. The charge of the metal surface can 
be determined from the potential of zero charge (pzc) on 
the correlative scale ( ) 30 by the equation:
     
                 (8)
Where Eq=0 is the potential of zero charge. However, in the 
present studies, value of Ecorr obtained in HCl is 472 mV vs. 
SCE. In hydrochloric acid solution the sodium salt of inhibi-
tor is changed in to free acid. The latter compound remains 
soluble due to the protonation of the NH group. Benerijee 
and Malhotra 31 reported the pzc of iron in hydrochloric acid 
solution is −530 mV vs. SCE. Therefore, the value of  is +58 
mV vs. SCE, so the metal surface acquires positive charge. 
The adsorption of cationic Piperacillin species does not 
take place and the adsorption of  ion occurs and surface 
becomes negatively charged. Now due to the electrostatic 
attraction, the protonated Piperacillin molecules adsorb 
physically i.e. physisorption and thereby giving high inhibi-
tion by Piperacillin molecules. In presence of   ions, follow-
ing rapid reaction proceeds on the metal surface:
The substitution of water molecules with  ions leads to the 
probability of the formation of adsorbed ion pairs and neu-
tral molecules formed by the adsorbed  ions and Piperacil-
lin cations 32. 
5. CONCLUSION
The inhibition efficiency of Piperacillin sodium increases 
with increase in the inhibitor concentration. The inhibitor 
showed maximum inhibition efficiency i.e. 93% at 7.2×10-4 
M inhibitor concentration. Langmuir`s adsorption isotherm 
and impedance studies showed that Piperacillin sodium 
inhibits through adsorption on the metallic surface, block-
ing active sites. Potentiodynamic polarization proved 
Piperacillin sodium, a pharmaceutical compound as an 
efficient corrosion inhibitor for mild steel in acidic media 
having mixed type of inhibitor property with slight domi-
nance of cathodic inhibition. Results obtained by different 
techniques are in good agreement.
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